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Integrin cell surface receptors play an important role for cell adhesion, migration, and differentiation during embryonic
development by mediating cell–cell and cell–matrix interactions. Less is known about the function of integrins during
commitment and lineage determination of early embryogenesis. Homozygous inactivation of the b1 integrin gene results in
embryonal death in mice around the time of implantation. In vitro, differentiation of embryonic stem (ES) cells which lack b1
integrin (b1
2/2) into the cardiogenic lineage is delayed and results in a disordered cellular specification (Fa¨ssler et al., J. Cell Sci.
109, 2989–2999, 1996). To analyze b1 integrin function during myogenesis and neurogenesis we studied differentiation of b1
2/2
ES cells via embryoid bodies into skeletal muscle and neuronal cells in vitro. b1
2/2 cells showed delayed and reduced myogenic
differentiation compared to wildtype and heterozygous (b1
1/2) ES cells. RT–PCR analysis demonstrated delayed expression of
skeletal muscle-specific genes in the absence of b1 integrin. Immunofluorescence studies with antibodies against the sarcomeric
proteins myosin heavy chain, titin, nebulin, and slow C-protein showed that myotubes formed, but their number was reduced
and the assembly of sarcomeric structures was retarded. In contrast, neuronal cells differentiating from b1
2/2 ES cells appeared
earlier than wildtype and heterozygous (b1
1/2) ES cells. This was shown by the accelerated expression of neuron-specific genes
and an increased number of neuronal cells in b1
2/2 embryoid bodies. However, neuronal outgrowth was retarded in the absence
of b1 integrin. No functional difference between wildtype and b1
2/2 cells was found with respect to secretion of g-aminobutyric
acid, the main neurotransmitter of ES cell-derived neuronal cells. The lineage-specific effects of loss of b1 integrin function, that
is the inhibition of mesodermal and acceleration of neuroectodermal differentiation, were supported by differential expression of
genes encoding lineage-specific transcription factors (Brachyury, Pax-6, Mash1) and signaling molecules (BMP-4 and Wnt-1).
Because of the reduced and delayed expression of the BMP-4 encoding gene in b1
2/2 cells, we analyzed in wildtype and b1
2/2
cells the regulatory role of exogenously added BMP-4 on the expression of the mesodermal and neuronal marker genes,
Brachyury and wnt-1, respectively. The data suggest that BMP-4 plays a regulatory role during differentiation of wildtype and
b1
2/2 cells by modifying mesodermal and neuronal pathways. The reduced expression of BMP-4 in b1
2/2 cells may account for
the accelerated neuronal differentiation in b1
2/2 ES cells. © 1998 Academic Press
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INTRODUCTION
Integrin cell surface receptors mediate cell–cell and cell–
matrix interactions necessary for correct cellular differen-
tiation during embryogenesis (Hynes, 1992; Adams and
Watt, 1993; Fa¨ssler et al., 1996a). Composed of a cytoplas-
mic and extracellular domain, integrins make a link be-
tween the cytoplasm of the cell and the extracellular matrix
and thereby play an important role during cell adhesion,
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1992; Hynes, 1992; Clark and Brugge, 1995; Sastry and
Horwitz, 1996). b1 integrins form the largest group among
the ab heterodimeric integrin receptors. They are expressed
in many tissues including skeletal muscle and neuronal
cells (Bozyczko et al., 1989; Bozyczko and Horwitz, 1986;
Cann et al., 1996) and mediate binding to different extra-
cellular matrix (ECM) proteins including laminin, collagen,
and fibronectin (Hynes, 1992). Antibody perturbation as-
says provided evidence that members of the integrin family
are involved in many differentiation processes, as for ex-
ample, somitogenesis (Drake et al., 1992), vasculogenesis
(Drake et al., 1991), keratinocyte differentiation (Adams
and Watt, 1990), myotube formation (Menko and Boettiger,
1987; Rosen et al., 1992; McDonald et al., 1995), migration
of neural crest cells (Bronner-Fraser, 1986; Lallier and
Bronner-Fraser, 1992; Lallier et al., 1994; Delannet et al.,
1994), neurite outgrowth (Bozyczko and Horwitz, 1986;
Tomaselli et al., 1986 and 1987; Hall et al., 1987; Neuge-
bauer et al., 1988; deCurtis and Reichardt, 1993; Bradshaw
et al., 1995), and synapse formation of neurons (Sanes, 1989;
Venstrom and Reichardt, 1993; Letourneau et al., 1994).
Whereas mice heterozygous for b1 integrin (b1
1/2) ap-
peared to be normal, homozygous inactivation of the gene
(b1
2/2, b1-null) in mice resulted in embryonic lethality
shortly after blastocyst implantation (Fa¨ssler and Meyer,
1995; Stephens et al., 1995) that hampers further analysis.
Alternatively, b1 integrin-deficiency can be studied in wt/
b1
2/2 chimeric mice and in vitro by differentiating embry-
onic stem (ES) cells. Chimeric embryos with a contribution
of up to 25% b1
2/2 cells develop normally and b1-null cells
were found in all germ layers and most tissues of adult
animals (Fa¨ssler and Meyer, 1995). b1
2/2 hematopoietic
cells develop but do not colonize the fetal liver of chimaeric
mice (Hirsch et al., 1996), indicating that the loss of b1
integrin function is not fully compensated in the wt envi-
ronment.
In vitro, ES cells spontaneously differentiate into many
cell types (Doetschman et al., 1985) and hence were used as
a model system for cardiogenic (Wobus et al., 1991; Maltsev
et al., 1993, 1994), myogenic (Rohwedel et al., 1994),
hematopoietic (Schmitt et al., 1991; Wiles, 1993), epithelial
(Bagutti et al., 1996), neuronal (Stru¨bing et al., 1995; Bain et
al., 1995; Fraichard et al., 1995), and adipogenic (Dani et al.,
1997) differentiation. During ES cell differentiation, tissue-
specific genes, proteins, ion channels, and receptors are
differentially expressed in a pattern closely resembling the
pattern observed during mouse embryogenesis. Using this
model system, we previously found that b1-null ES cells
showed an abnormal pattern of cardiac differentiation and
specialization and defects in sarcomeric cytoarchitecture
(Fa¨ssler et al., 1996b). Furthermore, this approach has
successfully been used to study the influence of loss of b1
integrin function on differentiation of epithelial cell types
(Bagutti et al., 1996). Here, we show that in the absence of
b1 integrin (i) ES cell-derived neurogenic differentiation is
accelerated, resulting in earlier expression of neuron-
specific genes and proteins, whereas (ii) myogenic differen-
tiation is delayed and myotube formation is reduced, al-
though myocytes partially fuse into myotubes and develop
normal sarcomeres, and (iii) neuronal cells showed retarded
neuronal outgrowth. Furthermore, (iv) loss of b1 integrin
function influenced the expression of developmental genes
encoding the transcription factors Brachyury (T), Pax 6,
Mash1, and the signaling molecules bone morphogenetic
protein-4 (BMP-4) and Wnt-1. Genes expressed during me-
sodermal differentiation (T, BMP-4) showed a delayed and
reduced expression, whereas those genes expressed along
the neuronal pathway (Mash1, Pax 6, wnt-1) were acceler-
ated expressed. (v) Treatment of EBs with exogenously
added BMP-4 resulted in a shift of wnt-1 expression to
terminal stages in both wt and b1
2/2 cells, suggesting that
the reduced BMP-4 expression which was found in b1
2/2
EBs may account for the accelerated neuronal differentia-
tion of integrin-deficient cells.
MATERIALS AND METHODS
ES Cell Culture and Differentiation
Development of skeletal muscle and neuronal cells in vitro was
studied during differentiation of the b1-null (b1
2/2) ES cell clones
G201 and G110 (Fa¨ssler and Meyer, 1995; Fa¨ssler et al., 1995;
1996b) obtained from line D3 (Doetschman et al., 1985) and R1
(Nagy et al., 1993), respectively. In addition to the wt lines, the b1
integrin-heterozygous (b1
1/2) ES cell clone G119 (Fa¨ssler et al.,
1995) was included as a control.
ES cells were grown on a feeder layer of mitomycin C-treated
embryonic fibroblasts in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 15% heat-inactivated fetal calf serum
(Gibco, Germany), 2 mM L-glutamine (Gibco), 5 3 1025 M
b-mercaptoethanol (Sigma, Germany), and nonessential amino
acids (Gibco) as described (Wobus et al., 1991). For cultivation of
b1-null ES cells which do not adhere to embryonic fibroblasts,
medium supplemented with 5 ng/ml recombinant human leuke-
mia inhibitory factor (LIF) was used. LIF was prepared from
Escherichia coli strain JM109 transformed with plasmid pGEX2T-
LIF58 (a gift of M. Strauß, Berlin-Buch) and isolated as described
(Rohwedel et al., 1996).
For differentiation, wt, b1
1/2 and b1
2/2 cells were cultivated as
aggregates (“embryoid bodies”, EBs) in Iscoves modification of
DMEM (IMDM, Gibco), containing 20% FCS and supplements as
described with the exception that b-mercaptoethanol was replaced
by 450 mM monothioglycerol (Serva). Both the “hanging drop”
method (Wobus et al., 1991) and “mass cultures” (Doetschman et
al., 1985) were used to prepare EBs. For EB differentiation in
hanging drops, 600 cells in 20 ml medium were cultivated for 2 days
followed by suspension culture in bacteriological petri dishes
(Greiner). For mass culture of EBs approximately 3 3 105 cells were
cultivated in 60-mm bacteriological petri dishes. EBs were plated
after cultivation for 5 days and analyzed up to 30 days after plating.
For immunostaining, also plating at day 9 was used because of a
higher differentiation efficiency of b1
2/2 EB outgrowths compared
to 5 day plating, but there were no significant differences in the
myogenic and neurogenic differentiation efficiency of wt EBs
plated at either day 5 or 9 (data not shown). EBs were separately
plated onto 24-well microwell plates for quantitative determina-
tion of differentiation, onto 6-cm tissue culture plates for RT–PCR
or onto tissue culture plates containing cover slips (18 3 18 mm)
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for immunofluorescence. For codifferentiation of wt and b1
2/2 ES
cells, EBs were prepared from hanging drops containing 400 wt and
400 b1
2/2 ES cells, plated after 5 days of suspension culture, and
treated with 300 mg/ml G418 from day 1 or 5 after plating.
For the quantitative estimation of differentiation, the percentage
of EBs with the specific cell types was determined by microscopical
observation (Diaphot, Nikon).
Detection of Tissue-Specific Transcripts
by RT–PCR Analysis
Samples of 15 EBs or outgrowths were collected in lysis buffer (4
M guanidinium thiocyanate, 25 mM sodium citrate, pH 7; 0.5%
sarcosyl, 1% b-mercaptoethanol) and total RNA was isolated
according to Chomczynski and Sacchi (1987). RNA was reverse
transcribed and amplified using oligonucleotide primers comple-
mentary and identical to transcripts of the analyzed genes. Primer
sequences of the following genes have been previously published
together with the annealing temperatures used for amplification
and the size of the amplified fragments: the myogenic regulatory
genes myf5, myoD (Rohwedel et al., 1995), myogenin, and myf6
(Montarras et al., 1991) and the gene encoding the cell adhesion
molecule M-cadherin (Rohwedel et al., 1995), and the genes encod-
ing the 160-kDa neurofilament protein and the proteoglycan neu-
rocan (Rohwedel et al., 1996). In addition, expression of the
following genes was studied (oligonucleotide sequences are given
in brackets in the order antisense-, sense-primer followed by the
annealing temperature used for PCR, length of the amplified
fragment and a reference for the gene): The neuron-specific genes
encoding the 68-kDa (59-GTTGGGAATAGGGCTCAATCT-39,
59-CCAGGAAGAGCAGACAGAGGT-39; 59°C; 302 bp; Nakahira
et al., 1990) and 200-kDa (59-CTTCTGTCACTCCTTCCGTC-
ACCCG-39, 59-AGGACCGTCATCAGGCAGACATTGC-39; 59°C;
368 bp; Julien et al., 1988) neurofilament proteins, the synaptic
vesicle protein synaptophysin (59-GCCTGTCTCCTTGAACAC-
GAAC-39, 59-TACCGAGAGAACAACAAAGGGC-39; 60°C; 287
bp; Leube et al., 1987) and the microtubule-associated protein tau
(59-TGCCGTGGAGATGTGTCCCCAGAC-39, 59-CCGCACTCC-
CCCTAAGTCACCATC-39; 60°C; 440 and 578 bp; Lee et al., 1988),
genes encoding the transcription factors Brachyury (59-GAG-
AGAGAGCGAGCCTCCAAAC-39, 59-GCTGTGACTGCCTACC-
AGAATG-39; 59°C; 230 bp; Herrmann et al., 1990), Pax-6 (59-
GCTTCATCCGAGTCTTCTCCGTTAG-39, 59-CCATCTTTGC-
TTGGGAAATCCG-39; 59°C; 312 bp; Walther and Gruss, 1991)
and Mash1 (59-CTCGTCCTCTCCGGAACTGATG-39, 59-CGA-
CAGGACGCCCGCCTGAAAG-39; 62°C; 301 bp; Itoh et al., 1997),
the signaling molecules BMP-4 (59-ATTCTCTGGGATGCTGCT-
GAGG-39; 59-CCGAGCCAACACTGTGAGGAGT-39; 59°C; 114
bp; Dickinson et al., 1990) and Wnt-1 (59-GATTGCGAAGAT-
GAACGCTGTTTC-39, 59-TCCTCCACGAACCTGTTGACGG-39;
54°C; 266 bp; Van Ooyen and Nusse, 1984), the extracellular
matrix protein S-laminin (59-GCGACCACCATCTTGAGAACCC-
39, 59-TGGCTGTCTACCTGGCATCTGG-39; 58°C; 187 bp; Aber-
dam et al., 1994), and b-tubulin (59-GGAACATAGCCGTAA-
ACTGC-39, 59-TCACTGTGCCTGAACTTACC-39; 60°C; 317 bp;
Wang et al., 1986) or hypoxanthine guanine phosphoribosyltrans-
ferase (HPRT; 59-GCCTGTATCCAACACTTCG-39, 59-AGCGTC-
GTGATTAGCGATG-39; 59°C; 507 bp; Konecki et al., 1982), both
used as internal standards. For the analysis of tau expression a
primer pair was used detecting both, the embryonic as well as the
adult splice variant. To exclude contamination of genomic DNA as
a source for amplified products, complementary and identical
primer sequences were chosen from different exons on genomic
level. The reverse transcription and amplification reactions were
carried out with rTth-polymerase (Perkin Elmer, U.S.A.) following
the protocol supplied by the manufacturer. The products of the
reverse transcription reactions were denatured for 2 min at 95°C,
followed by 40–45 cycles of amplification: 40-s denaturation at
95°C, 40-s annealing at 58 to 66°C (depending on the primer used,
see above), and 40-s elongation at 70°C. For b-tubulin and HPRT 30
cycles of amplification were performed. One-fifth of each RT–PCR
reaction was electrophoretically separated on 2 % agarose gels.
For determination of relative gene expression levels, 0.6 mg of
RNA was used for RT and primers specific for the analyzed gene
and for HPRT were included in the same reactions. Two seperate
PCR reactions, either using primers of the analyzed gene or primers
specific for HPRT were performed with 2 ml from each RT reaction.
RNA from at least two independent experiments was analyzed and
RT–PCR with all primers was done twice for each RNA probe
isolated. Tridistilled water was always included as a negative
control.
Immunofluorescence Assays
EB outgrowths cultivated on coverslips were rinsed two times
with PBS and fixed for 5 min with methanol:acetone (7:3) at 220°C.
Fixed cells were treated for 1 h with 10% goat serum in PBS
followed by an incubation for 1 h at 37°C in a humidified chamber
with monoclonal antibodies against the 68-, 160-, or 200-kDa
neurofilament proteins (NR4, NN18, NE14, Boehringer, Germany),
the synaptic vesicle proteins synaptophysin (SY 38; Wiedenmann
and Franke, 1985), synaptobrevin (106/b; Kutay et al., 1995),
SNAP25 (SMI 81; SM Inc., U.S.A.), and syntaxin (HPC-1; Sigma,
Germany), the neuronal cell adhesion molecule N-CAM (NCAM-
OB11; Sigma), the glial fibrillary acidic protein GFAP (GA-5,
Boehringer), the sarcomeric proteins myosin heavy chain (MF-20;
Bader et al., 1982), nebulin (Nb2; Fu¨rst et al., 1988), slow C-protein
(a-sMyBP-C, Gautel et al., 1997), and a Z-band epitope of the
sarcomeric protein titin (T12; Fu¨rst et al., 1988), respectively. After
being washed in 0.05% Tween 220 in PBS, cells were incubated for
45 min at 37°C with fluorescently labeled secondary antibodies
which were either, anti-mouse IgG-DTAF, anti-mouse IgG-Cy3, or
anti-rabbit IgG-DTAF (Dianova, Germany) and washed again three
times with PBS. After being embedded in Vectashield mounting
medium (Vector, USA), specimens were analyzed with the fluores-
cence microscope Optiphot-2 (Nikon, Germany).
Confocal Laser Scanning Microscopy for
Measurement of Neuronal Extensions
Spontaneously differentiated neuronal cells in EB outgrowths
were immunofluorescently labeled with an antibody against the
160-kDa neurofilament protein followed by a Cy3-labeled second
antibody (see above). In some experiments, EBs were treated
between days 2 and 5 or 3 and 6 with 1027 M all-trans retinoic acid
(RA; Sigma, Germany) to increase neuronal differentiation (Wobus
et al., 1994). Specimens were analyzed with a confocal laser
scanning microscope Leica TCS4D (Leica, Germany) equipped
with a krypton–argon-ion laser. Detection of the Cy3 fluorophore
was performed by the following system configuration: excitation
wave length 568; excitation beam splitter, DD (488/568); detector
beam splitter, RSP 580; barrier filter, BP 600. For data acquisition at
different magnifications we used one of the following objectives:
PL Fluotar 103, NA 0.30; PL Fluotar 253 oil, NA 0.75; PL Fluotar
403 oil, NA 1.0–0.5; PL Apo 633 oil, NA 1.4; PL Apo 1003 oil, NA
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1.4 oil. EBs or areas of interest were scanned in a 1024 3 1024 pixel
format in the x/y direction using an 8 3 linescan averaging routine.
Along the z axis 25 to 64 thin optical sections were scanned
through a specimen with a stepping size between 0.4 and 1.7 mm.
The depth (z range) of the scanned areas varied between 10 and 60
mm. For 3D volume rendering image stacks were transferred to a
Silicon Graphics workstation and processed as shadow projection
using Imaris software (Bitplane AG, Switzerland).
The lengths of neuronal extensions in EB outgrowths after
immunofluorescence with an antibody against the 160-kDa neuro-
filament protein were measured using a Zeiss Axioplan microscope
equipped with epifluorescence and the image analysis software
Neurolucida (Micro Bright Field, U.S.A.).
g-Aminobutyric Acid (GABA) Secretion
D3 or G201 (b1
2/2) EB outgrowths were preloaded with
[3H]GABA (18.5 MBq/ml, specific activity 2.22 TBq/mmol, Amer-
sham, Germany) for 2 h at 37°C in Krebs–Ringer Hepes (KR–Hepes)
containing (in mM): 130 NaCl, 4.7 KCl, 1.2 MgSO4, 2.5 CaCl2, 11
glucose, 10 Hepes, pH 7.4, supplemented with 1 mM amino
oxyacetic acid and 0.5 mM gabaculine (Ahnert-Hilger and Wieden-
mann, 1992). Cells were washed three times for 5 min with the
same buffer. The cells were preincubated in the same buffer
supplemented with 0.2% bovine serum albumin for 10 min at
37°C. Stimulation was performed for 10 min at 37°C in bovine
serum albumin-containing KR–Hepes supplemented with 50 mM
K1. After 5 min at 37°C, [3H]GABA was determined in the
supernatant and in the cells after lysis with 0.4 % Triton X-100. For
calculation, the sum of the amount of radioactivity in the super-
natant and in the cells was set 100%. [3H]GABA release was
calculated as a percentage of the total radioactivity present at the
beginning of the stimulation.
BMP-4 Treatment of wt and b1
2/2 EBs
Wildtype and b1
2/2 ES cells were differentiated as EBs in the
presence of 5 or 10 ng/ml recombinant human BMP-4 (a gift of
Genetics Institute, Cambridge, MA) diluted in 0.1% bovine serum
albumin for 7 days. For control, wt and b1
2/2 EBs were cultivated
without BMP-4 during the whole differentiation time. Probes
containing 15 to 20 EBs were collected from day 1 until day 20 and
processed for semiquantitative RT–PCR as described (Wobus et al.,
1997) by using the primer-dropping method according to Wong et
al., (1994). Two independent experiments and two parallel RT–PCR
analyses were done.
RESULTS
Differentiation of ES Cells into Myogenic Cells
Is Retarded, Whereas Neuronal Differentiation
Is Accelerated and Enhanced in the Absence
of b1 Integrin
The differentiation of myogenic cells was significantly
reduced in b1-null EBs compared to wt and b1
1/2 EB
outgrowths (Fig. 1A). Whereas in wt and b1
1/2 EBs a
maximum of 62 % (5 1 14 days) and 53% (5 1 17 days) of
myogenic differentiation was observed, in b1-null EBs the
appearance of the first myocytes was significantly delayed
and the maximal value of myogenic differentiation (18 %)
was attained 28 days after EB plating (Fig. 1A).
In contrast, the spontaneous differentiation of neuronal
cell types occurred earlier and/or with a higher efficiency in
b1
2/2 compared to wt or b1
1/2 EBs (Fig. 1B). A maximal
number of approximately 50% of b1
2/2 EBs showed differ-
entiation of neuronal cells compared to maximal values of
17 and 18 % of wt and b1
1/2 EBs, respectively. The results
obtained for wt D3 and b1
2/2 D3-derived clone G201 were
confirmed by in vitro differentiation of wt R1 and b1
2/2
R1-derived clone G110 (Fa¨ssler et al., 1995, data not
shown).
To test whether the differentiation pattern of b1-null
cells may be influenced by wt cells, a 1:1 mixture of
(G418-sensitive) wt and of (G418-resistant) b1-null ES cells
was cocultivated in EBs. After plating, the EBs were treated
with G418 at two differentiation stages to eliminate the
G418-sensitive wt cells and analyzed for differentiation
into muscle (Fig. 1C) and neuronal cells (Fig.1D). When wt:
b1
2/2 EBs were treated 1 day (5 1 1 days) or 5 days (5 1 5
days) after plating with G418, the myogenic differentiation
in the EB outgrowths of G418-treated variants was retarded
and reduced in comparison to untreated EBs (control,
Fig.1C). In contrast, neurogenic differentiation was acceler-
ated and enhanced throughout the whole period after appli-
cation of G418 at 5 1 5 or 5 1 1 days (Fig. 1D). These
findings suggest that the differentiation pattern of (G418-
resistant) b1
2/2 cells was not compensated by wt cells.
Taken together, these findings indicate that loss of b1
integrin function resulted in a delayed and reduced myo-
genic differentiation and an accelerated and enhanced neu-
ronal differentiation that is not significantly influenced by
cocultivation with wt cells in vitro.
Delayed Expression of Muscle-Specific Genes and
Accelerated Expression of Neuron-Specific Genes
after Loss of b1 Integrin Function
The onset of skeletal muscle- and neuron-specific gene
expression was found to be altered during differentiation of
b1
2/2 compared to wt EBs as analyzed by RT–PCR (Fig. 2).
Figure 2A shows that during differentiation of wt EBs the
order of muscle-specific gene expression was myf5 and
M-cadherin (2 days after EB plating), followed by myogenin
and MyoD (5 days after plating) and myf6 (12 days after
plating). In contrast, during differentiation of b1
2/2 EBs,
expression of the myogenic regulatory genes was detected
with a delay of about 5 days compared to wt, and even 30
days after plating myf6 expression was not detectable (Fig.
2A). An exception from this rule were the genes coding for
M-cadherin and S-laminin. The temporal expression pat-
tern was identical in wt and b1
2/2 EBs (Fig. 2A). There was
no principal difference in the gene expression pattern after
plating of EBs at days 5 and 9, respectively (not shown).
Neuron-specific genes were expressed at later stages and
therefore were analyzed beginning from day 7 in wt and
b1
2/2 EBs, both plated at day 9. A developmentally regu-
lated pattern of gene expression was evident in wt and
b1
2/2 EBs (Fig. 2B). In wt EBs, the neurofilament-encoding
genes NFL and NFM were the first genes to be expressed 2
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days after plating, followed by synaptophysin 3 days and by
NFH, neurocan, and tau 5 days later. The adult splice
variant of tau, expressed only in adult brain, was not
detected during EB differentiation (Fig. 2B). All the analyzed
genes were also found to be expressed during differentiation
of the b1-null cells (Fig. 2B). However, the onset of expres-
sion of all analyzed neuron-specific genes was detected 2 to
5 days earlier compared to wt EBs. Early marker genes such
as NFL, NFM, and synaptophysin were already expressed in
b1-null EBs at day 9 (a few transcripts of NFM and Synap-
tophysin were detected already at day 7, Fig. 2B). In sum-
mary, loss of b1 integrin function resulted in delayed
expression of myogenic, but an accelerated expression of
neuron-specific genes during ES cell differentiation.
Myotube Formation and Sarcomere Organization
Are Delayed in the Absence of b1 Integrin
To test whether b1
2/2 myogenic cells express skeletal
muscle-specific proteins, EB outgrowths were analyzed
for cells staining positively with antibodies against a
Z-band-specific epitope of the sarcomeric protein titin
(Fig. 3, I), the sarcomeric proteins nebulin (Fig. 3, II),
myosin heavy chain, MHC (Fig. 3, III), and slow C-protein
(Fig. 3, IV). In wt EBs myocytes readily fused into myo-
tubes, exhibiting a highly organized sarcomeric structure
at early and terminal stages of development (Fig. 3, I–IV,
A, B). In contrast, in b1-null EBs mainly round-shaped
myoblasts were observed at early stages (Fig. 3, I–IV, C)
and fusions into myotubes were found only at terminal
stages (Fig. 3, I–IV, D). In the wt, more than 90 % of
immunopositive cells were spindle-shaped and fused into
myotubes, whereas approximately 90 % of the b1
2/2 cells
appeared to be round-shaped myoblasts.
Furthermore, the sarcomeric organization appeared to be
significantly delayed in comparison to the wt, and even at a
terminal stage, sarcomeric proteins were found to be diffusely
distributed in many b1-null cells. Myocytes and myotubes of
wt EBs showed a developmentally regulated organization of
the sarcomeric proteins titin, nebulin, and slow C-protein.
Titin and nebulin were regularly organized in sarcomeres in
100 and 55 %, respectively, of the cells at the early stage, but
in all analyzed cells (100 %) at the terminal stage. Slow
C-protein showed a delayed appearance of sarcomeric organi-
zation: Only 10 % of the cells at the early stage and 70 % of
cells at the terminal stage contained sarcomeres with regu-
FIG. 1. (A, B) Myogenic (A) and neurogenic (B) differentiation during the development of embryoid bodies (EBs) derived from wildtype (wt),
heterozygous (b1
1/2), and b1-null (b1
2/2) ES cells. EBs were plated at day 5 and the number (in % of EBs) of myogenic or neuronal cells was
evaluated during cultivation from 2 (5 1 2) up to 28 (5 1 28) days after plating. The data obtained from wt (*) and b1
1/2 (1) EBs, respectively,
were compared to b1
2/2 EB outgrowths and tested for significance by Student’s t test (*** or 111, P # 0.001; ** or 11, P # 0.01; * or 1,
P # 0.05). Although myogenic and neurogenic differentiation was not significantly different between wt and b1
1/2 cells, in b1
2/2 EBs the
differentiation of myogenic cells was significantly delayed and reduced, whereas neurogenic differentiation was found to be enhanced. (C,
D) Myogenic and neurogenic differentiation after cocultivation of wt and b1
2/2 cells (1 : 1 mixture) without (control) and with selection
by G418 beginning at 1 (G418 at 5 1 1 days) or 5 (G418 at 5 1 5 days) days after EB plating at day 5 (see Materials and Methods). The
differentiation of wt ES cells together with b1
2/2 cells in EBs under the influence of G418 resulted in a significant reduction of myogenic,
but an upregulation of neuronal differentiation (for statistical evaluation, see A, B).
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larly organized structures. This temporal pattern recapitulates
the pattern of sarcomeric organization in skeletal muscle in
vivo (Fu¨rst and Gautel, 1995).
In contrast, b1
2/2 myogenic cells showed a significant
delay in the formation of sarcomeric proteins: Only 34 %
(titin), 10 % (nebulin), and 0 % (slow C-protein) of the cells
FIG. 3. Immunofluorescence studies with monoclonal antibodies against a Z-band-specific epitope of the sarcomeric protein titin (I),
against the sarcomeric proteins nebulin (II), myosin heavy chain, MHC (III), and slow C-protein (IV) on wt (A, B) and b1
2/2 (C, D) EB
outgrowths. Whereas wt EB outgrowths showed normal differentiation into myocytes and myotubes at early (5 1 12 d, I–IV, A) and terminal
(5 1 26 d, I–IV, B) stages of development, in b1
2/2 EB outgrowths mainly round-shaped myoblasts were observed at early stage (9 1 14 days,
I–IV, C) which in many cases only incompletely fused into myotubes at terminal stages (9 1 27 days, I–IV, D). A regular assembly of the
sarcomeric proteins titin and nebulin seen in wt myotubes (I B, II B) was observed in some b1-null myotubes (see I, D, lower panel; II D).
Bar, 10 mm.
FIG. 2. Expression pattern of skeletal muscle-specific (A) and neuron-specific (B) genes determined during EB differentiation of wt and b1-null
(b1
2/2) ES cells as analyzed by RT–PCR. EBs were collected after cultivation in suspension for 5, 7, or 9 days and at different stages after plating
at day 5 or 9, respectively. (A) Wt D3 EBs plated at day 5 (5) and analyzed 2 up to 30 days (1 30) after plating showed a developmentally controlled
expression pattern of the myogenic regulatory genes myf5, myogenin, MyoD, and myf6 and the gene encoding the skeletal muscle-specific cell
adhesion molecule M-cadherin. The myogenic regulatory genes were delayed expressed in b1-null EBs, and myf6 was not detectable at all.
M-cadherin and S-laminin expression was detected at the same time in wt and b1
2/2 EBs. (B) Both wt- and b1
2/2 EBs plated at day 9 (9) and
analyzed up to 15 days (1 15) after plating showed a developmentally controlled expression pattern of the genes encoding the 68-kDa (NFL),
160-kDa (NFM), and 200-kDa (NFH) neurofilament proteins, the gene coding for the synaptic vesicle protein synaptophysin (Syn), the embryonic
splice variant of the microtubule-associated protein tau (Tau), and the neuron-specific proteoglycan neurocan (NC). However, all analyzed genes
were found to be expressed earlier in the b1
2/2 EBs. Primers specific for the housekeeping gene b-tubulin were used as an internal standard, and
muscle and brain from a day 16 pc mouse embryo (E16) and from adult mice (Ad.) as positive controls.
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showed a regular organization of sarcomeric proteins at the
early stage of development and even at terminal stages the
sarcomeric proteins were not fully organized in most b1-
null skeletal muscle cells: Only 37 % (titin), 21 % (nebulin),
and 2 % (slow C-protein) of the cells showed a regularly
organized pattern of the sarcomeric proteins. However, it
was also evident that in some cases, sarcomeres were fully
organized in the myotubes, especially with respect to titin
(Z-band epitope, see Fig. 3, I, D, lower panel) and nebulin
(Fig. 3, II, D).
In summary, the analysis of sarcomeric proteins in myo-
genic cells demonstrated that loss of b1 integrin function
resulted in a delayed myotube formation and a retardation
of structural organization of sarcomeric proteins.
Development of Cells Expressing Neuron- and
Glia-Specific Proteins Is Accelerated and
Enhanced in b1-Null EBs
The amount of cells expressing neuron- and glia-specific
proteins of wt (Fig. 4A) and b1-null EBs (Fig. 4B) was
quantified by indirect immunofluorescence. Wt and b1
2/2
EBs stained positively for the neuron-specific proteins NFL,
NFM, NFH, synaptophysin, syntaxin, synaptobrevin,
SNAP-25, and N-CAM. Glial cells were detected by immu-
nolabeling with an anti-glial fibrillary acidic protein (GFAP)
antibody (Fig. 4). In accordance with the gene expression
data, NFL-, NFM-, and synaptophysin-positive cells were
detected earlier in EBs derived from b1-null cells compared
to the wt. Furthermore, the number of EBs containing
neuronal and glial cells was generally higher in the b1-null
EB outgrowths (Fig. 4B) compared to wt EBs (Fig. 4A) as
already found by morphological analysis (Fig. 1B). Only the
number of N-CAM-positive cells appeared to be the same in
wt and b1-null cells. However, N-CAM is expressed in
neuronal as well as in skeletal muscle cells (Edelmann and
Crossin, 1991).
Outgrowth of Neuronal Cells Is Retarded
in the Absence of b1 Integrin
To answer the question whether loss of b1 integrin
function affects outgrowth of neuronal cells, b1-null and wt
EBs were analyzed for NFM-positive cells by immunostain-
ing of 19-day EB outgrowths (Fig. 5). Whereas in wt EBs
neuronal cells were mainly located at the periphery of the
EB and extended into the outgrowth (Fig. 5A), b1-null
neuronal cells mainly accumulated in the center (one
example is shown in Fig. 5B). This was most obvious when
EBs were cultivated in the presence of retinoic acid (RA)
known to induce neurogenic differentiation in ES cells
(Stru¨bing et al., 1995; Bain et al., 1995, Fraichard et al.,
1995). The lengths of neuronal extensions were reduced in
b1-null neuronal cells. A large network of well-developed
neurite extensions was obvious in wt cells (Figs. 5 C and
5E), whereas in many b1
2/2 EBs these extensions were
shorter and showed reduced neuronal networks (Figs. 5D
and 5F).
This was confirmed by measuring the lengths of neuronal
extensions after immunostaining for NFM. The lengths of
neuronal extensions in wt EBs amounted to 202.0 6 20.6
FIG. 4. Quantitative evaluation of immunofluorescence studies
with antibodies against neuron- and glial cell-specific proteins
during in vitro differentiation of wt (A) and b1-null (B) ES cells.
Shown is the number of positively immunolabeled EBs (in %) for
the 68-, 160-, and 200-kDa neurofilament protein, synaptophysin,
syntaxin, synaptobrevin, glial fibrillay acidic protein (GFAP), the
synaptic vesicle protein SNAP-25 and cell adhesion molecule
N-CAM. Neuronal cells positive for the 68-, 160-, and 200-kDa
neurofilament proteins as well as the synaptic vesicle proteins
synaptophysin, syntaxin, synaptobrevin, and SNAP-25 developed
earlier and/or with higher efficiency in the absence of b1 integrin.
Cells positive for N-CAM appeared at the same time and with
comparable efficiencies as in the wt. Furthermore, the number of
glial cells positively stained with GFAP was enhanced after loss of
b1 integrin function.
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(n 5 21) and 919.0 6 104.3 (n 5 20) at days 12 and 19,
respectively. However, in b1-null EB outgrowths, the neu-
ronal extensions were reduced to mean values of 57.1 6
10.4 (n 5 23) and 385.5 6 46.0 (n 5 24) at days 12 and 19,
respectively (Fig. 6A).
The number of NFM 160-kDa-positive EBs (n 5 24
analyzed) containing neuronal extensions .300 mm was
lower in b1-null EBs (Fig. 6B): In 50 % of the wt EBs, but
only in 12.5 % of the b1-null EBs, 10 neuronal extensions
.300 mm (.10) were found. In contrast, the number of EBs
containing no neuronal extensions .300 mm (0) was higher
in b1-null EBs (12.5 % of the wt compared to 60.0 % of
b1-null EBs, Fig. 6 B). In summary, the overall number of
EBs containing neurofilament-positive cells was enhanced
in the absence of b1 integrin, but the length of neuronal
extensions of these cells was reduced.
GABA Release Is Not Influenced by Loss
of b1 Integrin Function
A test for functional properties of neuronal cells is the
release of the neurotransmitter GABA previously shown to
be the main neurotransmitter of ES cell-derived neuronal
cells (Stru¨bing et al., 1995). Wt and b1-null EBs showed a
stimulated GABA release of 1.3- to 1.5-fold over basal
release due to stimulation by 50 mM K1 (see Stru¨bing et al.,
1995) at 3 and 6 days after EB plating, suggesting no
significant differences with respect to GABA release be-
tween wt and b1-null neurons (Table 1).
Expression of Brachyury and BMP-4 Encoding
Genes Is Delayed and/or Reduced, Whereas
Expression of Pax-6, Mash1, and Wnt-1 Is
Accelerated and/or Enhanced in the Absence
of b1 Integrin
Expression of genes encoding transcription factors or
signaling molecules involved in early mesodermal and
neuroectodermal lineage or pattern determination was
found to be developmentally expressed in EBs from days 1
to 20, but the expression pattern was altered in b1
2/2
compared to wt EBs as analyzed by RT–PCR (Fig. 7).
Brachyury, encoding a transcription factor transiently ex-
pressed in early mesoderm in vivo (Hermann et al., 1990),
was found to be maximally expressed from days 1 to 3 in wt
EBs; thereafter, expression declined. In contrast, in b1-null
EBs, Brachyury expression was significantly reduced at days
1 and 2, and the level of expression reached only 20 % of the
wt level. Furthermore, the maximum of expression was
delayed. The gene encoding the signaling molecule BMP-4,
shown to be required for mesoderm formation (Winnier et
al., 1995), was expressed in wt EBs with a maximal level of
expression during the first 3 days. In b1-null EBs the level of
BMP-4 expression was found to be significantly reduced
during differentiation, most obviously during the first 3
days. Similarly to Brachyury, the maximum of BMP-4
expression occurred delayed at day 4.
The gene encoding the transcription factor Pax-6 ex-
pressed in early neuroectoderm in vivo (Walther and Gruss,
1991) showed a biphasic pattern of expression during EB
differentiation, both in wt and in b1
2/2 cells. In wt, Pax-6
expression attained a maximal level at days 4 and 5,
declined thereafter, and was upregulated again at day 12.
Two waves of Pax-6 expression were also found in b1-null
EBs. However, the maximal level of the first wave of Pax-6
expression was already observed at day 1 and the overall
level of expression was generally two- to fourfold higher in
b1
2/2 EBs. Wnt-1, encoding a signaling molecule expressed
in the early neuroectoderm (Parr et al., 1993), was first
expressed in 14-day-old wt EBs, but in b1
2/2 EBs, first
transcripts were already detected at day 8.
Mash1 encoding a transcription factor required for devel-
opment of multiple neuronal lineages during embryogen-
esis is spatially and temporally expressed in neural precur-
sor cells of the neural crest-derived autonomous nervous
system in vivo (Verma-Kurvari et al., 1996). Mash1 was
expressed in both, wt and b1
2/2 EBs beginning at day 1 with
increasing intensity, but b1
2/2 EBs showed a remarkable
increase in the number of transcripts between days 7 and 20
in comparison to wt.
Taken together, our results show that in the absence of b1
integrin, the expression of genes encoding transcription
factors and signaling molecules involved in mesodermal
differentiation is delayed or reduced, whereas expression of
those genes involved in early neuroectodermal differentia-
tion is enhanced or accelerated.
Treatment with Exogenously Added BMP-4
Influenced the Expression Pattern of Brachyury
and wnt-1 in wt and b1
2/2 EBs
To answer the question whether the specific expression
pattern of genes characteristic for mesodermal (Brachyury
5 T) or neuronal differentiation (wnt-1) may be influenced
by the signaling molecule BMP-4, wt and b1
2/2 ES cells
were differentiated in the presence of 5 and 10 ng/ml
BMP-4, respectively, and analyzed for expression of
Brachyury (Fig. 8A) and wnt-1 (Fig. 8B). Treatment of wt
EBs with 5 ng/ml BMP-4 did not significantly influence
expression of Brachyury, but 10 ng/ml BMP-4 resulted in an
acceleration of expression at early developmental stages. In
b1
2/2 EBs, BMP-4 treatment resulted in an upregulation of
Brachyury expression during all stages, but did not princi-
pally alter the expression pattern of Brachyury (maximal
expression at days 4 to 5).
Furthermore, BMP-4 treatment resulted in a shift of
wnt-1 expression to terminal stages in both wt and b1
2/2
EBs. This effect is most obvious in b1
2/2 EBs, where the
delayed expression is already pronounced at 5 ng/ml.
The results suggest that a reduced expression of BMP-4
signaling molecules in the absence of b1 integrin may
account for the accelerated neuronal differentiation of
b1
2/2 EBs.
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DISCUSSION
By studying differentiation of ES cells into the myogenic
and neurogenic lineage in vitro, we found a delayed skeletal
muscle cell development and an accelerated neuronal dif-
ferentiation of b1-null compared to wt ES cells. These
effects were confirmed on the level of gene transcription
and protein expression. Furthermore, we found that expres-
sion of genes encoding transcription factors or signaling
molecules involved in early mesodermal and neuroectoder-
mal lineage determination was altered during differentia-
tion of b1
2/2 ES cells, suggesting a specific influence of b1
integrins on early cell lineage development. The data sug-
gest that BMP-4-signaling molecules may play a regulatory
role during differentiation of b1
2/2 ES cells by modifying
mesodermal and neuronal pathways.
Myogenic Differentiation and Sarcomeric
Organization Is Delayed in the Absence
of b1 Integrin
The myogenic regulatory genes myf5, myogenin, MyoD,
myf6, and the adhesion molecule M-cadherin were found to
be developmentally expressed during differentiation of ES
cells (Rohwedel et al., 1994; Rose et al., 1994), recapitulat-
ing the expression pattern observed during mouse embryo-
genesis (review by Buckingham, 1992). This pattern was not
influenced by loss of b1 integrin function, but the onset of
myogenic gene expression was significantly delayed. This
corresponded to the delayed cardiac-specific gene expres-
sion observed during differentiation of b1-null ES cells
(Fa¨ssler et al., 1996b). As exception, S-laminin, expressed in
skeletal muscle and shown to accumulate in basal laminae
at synaptic sites (Hunter et al., 1989) and the cell adhesion
molecule M-cadherin expressed on skeletal muscle cells
during ES cell differentiation (Rose et al., 1994), showed no
delay of expression in the absence of b1 integrin. However,
both genes are not exclusively expressed on skeletal muscle
cells, but also on neuronal cells: S-laminin is detected on
TABLE 1
GABA Release (% 6 SD) Measured in 9 1 6 Day EBs (n 5 10)
Derived from wt and b1
2/2 ES Cells
Wildtype b1
2/2
Basal release 5.56 6 1.32 4.28 6 1.43
Release after stimulation with
50 mM K1
7.02 6 1.78 6.66 6 3.55
Note. A 1.3- to 1.5-fold release was measured after stimulation
with 50 mM K1 compared to the basal release in wt and b1
2/2 EBs,
respectively.
FIG. 6. Lengths of neuronal extensions (A) and number of EBs (in
%) containing neuronal extensions longer than 300 mm (B) assayed
during in vitro differentiation of wt and b1
2/2 ES cells. (A) EBs of
different developmental stages (12 and 19 days after plating) were
analyzed after indirect immunofluorescence with the antibody
against the 160-kDa neurofilament protein. The lengths of neuro-
nal extensions were significantly reduced in the absence of b1
integrin. (B) The number of 160-kDa-positive EBs containing no (0),
1–10, or more than 10 neuronal extensions are shown from wt and
b1
2/2 EB outgrowths. Whereas in the b1
2/2 variant the percentage
of EBs containing neuronal extensions shorter than 300 mm was
higher, in the wt variant about 50 % of EBs contained more than 10
neuronal extensions longer than 300 mm.
FIG. 5. Confocal image (shadow projection by simulated fluorescence process raytracing) of a scanning series of 19-day-old EB outgrowths
derived from wt (A, C, E) and b1-null (B, D, F) ES cells after indirect immunofluorescence with the monoclonal antibody against the 160-kDa
neurofilament protein. EBs were treated with RA to obtain a higher amount of neuronal cells (A, B) compared to untreated variants (C–F).
Obviously, migration and neurite outgrowth is inhibited in b1 integrin-deficient EBs. Whereas neuronal cells in wt EBs migrate into the
outgrowth (A) and show a network of neurite extensions (C and E), in many b1-null EBs, neuronal cells stick to the center of the EB (B) and show
shorter extensions (D and F). Arrowheads point to perikarya of neuronal cells. Bar represents 100 mm (A, B), 40 mm (C, D), and 10 mm (E, F).
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glial and neuronal cells (Sanes et al., 1990; Hunter et al.,
1992) and M-cadherin in the granule cell layer of the
cerebellum (Rose et al., 1995).
Correspondent to the delay of myogenic gene expression,
b1
2/2 skeletal muscle cells showed a retardation in myo-
tube formation compared to wt cells. This finding is in
contrast to previous reports showing that myotube forma-
tion was completely abolished in the presence of antibodies
against b1 integrin (Menko and Boettiger, 1987; Jaffredo et
al., 1988). However, this might be explained by side effects
of antibody blocking experiments such as clustering of
integrins, cross-reaction with other receptors, or inhibition
of other integrins (Diaz-Gonzalez et al., 1996).
Myofibril assembly in vivo is a developmentally regu-
lated process with the Z-band epitopes of titin and nebulin
being the first sarcomeric proteins which display a regular
organization (Fu¨rst et al., 1989). We found that this process
of sarcomeric structural organization is recapitulated dur-
ing ES cell-derived myogenic differentiation, but that it is
delayed in the absence of b1 integrin. This was especially
obvious for slow C-protein, that was only partially orga-
nized in some b1
2/2 cells even at terminal stages. A delayed
sarcomeric assembly was also observed during differentia-
tion of b1-null ES cells into cardiomyocytes (Fa¨ssler et al.,
1996b). The observed retardation of myogenesis is in line
with results obtained for the Drosophila mutant myo-
spheroid, deficient for the homologue of the mammalian b1
integrin that showed myotube formation but retarded sar-
comere formation (Volk et al., 1990). Furthermore, it has
been shown recently that the decision of whether myo-
blasts proliferate or differentiate and form myotubes de-
pends on a balanced expression of a5b1 and a6b1 integrins
(Sastry et al., 1996) which is disturbed in the absence of b1
integrin. The retardation of myogenic differentiation after
loss of b1 integrin function together with the previously
reported delay of cardiac differentiation (Fa¨ssler et al.,
1996b) suggested that b1 integrin may play a regulatory role
during early mesodermal lineage differentiation in vitro.
In contrast to the retardation of myogenic differentiation
observed during in vitro differentiation of b1
2/2 ES cells,
muscle differentiation in b1
2/2/wt chimeric embryos in
vivo and of b1
2/2 myoblasts and satellite cells cultivated in
vitro after isolation from b1
2/2/wt chimeric embryos ap-
peared to be normal (Hirsch et al., 1998). This discrepancy
could be explained by compensation of the mutant cells by
wt cells in chimeric mice. For instance, embryos carrying a
homozygously inactivated myoygenin died after birth due
to a defect of myotube formation (Nabeshima et al., 1993;
Hasty et al., 1993), whereas in myogenin 2/2/wt chimeric
mice, myocytes fused and formed multinucleated myo-
tubes (Myer et al., 1997). We did not find a compensation of
the b1
2/2 phenotype by wt ES cells by cocultivation in
vitro. In chimeric mice, the development of b1-null myo-
blasts and muscle precursor cells may be compensated by a
spatially and temporally regulated growth factor composi-
tion, whereas in vitro a constant growth factor environment
obtained by serum does not fully reflect these in vivo
FIG. 7. Expression level of genes encoding transcription factors
(T 5 Brachyury, Pax 6, Mash1) and signaling molecules (BMP-4,
Wnt-1) involved in early cell lineage development in relation to
HPRT gene expression during cultivation of EBs derived from b1
2/2
compared to wt ES cells. Expression was studied by RT–PCR (see
Materials and Methods). Photographs of ethidium bromide-stained
gels (top) were analyzed by computer-assisted densitometric scan-
ning and the data were obtained in relation to HPRT gene expres-
sion are shown (bottom). The maximal level of expression of
Brachyury (T) and BMP-4 was delayed, and expression of both
genes was reduced, whereas expression of Pax-6 and Mash1 was
enhanced and Wnt-1 was accelerated expressed in b1
2/2 compared
to wt EBs cultivated in suspension for 1 to 20 days.
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conditions. The significant influence of integrins on muscle
differentiation by the growth factor environment has been
shown recently (Sastry et al., 1996). This is further sup-
ported by our observation that medium components have a
strong influence on differentiation and sarcomere assembly
in b1
2/2 cardiac cells (Guan, K., unpublished results).
FIG. 8. Influence of BMP-4 treatment on the expression level of Brachyury (A) and Wnt-1 (B) in relation to HPRT gene expression during
differentiation of b1
2/2 and wt EBs. Expression was studied by semiquantitative RT–PCR (Wobus et al., 1997; see Materials and Methods)
using the following conditions: 43 cycles (Brachyury) and 32 cycles (HPRT), and 43 cycles (Wnt-1), and 38 cycles (HPRT) according to the
“primer-dropping” method (Wong et al., 1994). Intensities of amplified RT–PCR products were calculated in relation to HPRT gene
expression. Brachyury (5 T, A) was accelerated expressed in both wt and b1
2/2 EBs, although maximal T gene expression in b1
2/2 cells was
observed at later stages in both untreated (control) and BMP-4-treated b1
2/2 EBs compared to wt cells. Exogenous application of 5 or 10
ng/ml BMP-4 resulted in a shift of Wnt-1 expression (B) to terminal stages in both wt and b1
2/2 cells.
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Acceleration of Neurogenic Differentiation but
Retarded Neuronal Outgrowth in the Absence
of b1 Integrin
b1
2/2 EB outgrowths showed accelerated and enhanced
differentiation of neuronal cells and accelerated expression
of neuron-specific genes and proteins, but a retardation of
neuronal outgrowth. It is strongly accepted that b1 integrins
are important for migration and outgrowth of neuronal cells
because ECM components such as laminin and collagen I,
ligands of b1 integrin receptors, promote neurite outgrowth
(Doherty and Walsh, 1994; Weaver et al., 1995). Further-
more, migration of neural crest cells and neuroblasts as well
as neurite outgrowth on ECM is inhibited by blocking b1
integrins (Bozyczko and Horwitz, 1986; Bronner-Fraser,
1986; Lallier and Bronner-Fraser, 1992; Tomaselli et al.,
1986; Hall et al., 1987; Cann et al., 1996). Our finding that
b1
2/2 EBs showed a reduced neurite outgrowth is in line
with these findings.
In vivo, b1
2/2 neurons were found in b1
2/2/wt chimeric
mice in many regions of the adult brain and in neural crest
cell-derived tissues (Fa¨ssler and Meyer, 1995). This indi-
cates that neurite outgrowth of b1-null neuronal cells and
neural crest cell migration occurred in the context of wt
cells. However, in b1
2/2/wt chimeric mice the lack of b1
integrin function may be compensated by the wt environ-
ment.
The majority of neuronal cells differentiating from ES
cells in vitro secrete the neurotransmitter GABA (Stru¨bing
et al., 1995). Therefore, we measured the release of GABA
as a test for physiological functions of ES cell-derived
neurons and found no differences between wt and b1
2/2
cells. This indicates that the loss of b1 integrin function
might not affect the physiological function of GABAergic
neuronal cells.
b1 Integrin Modulates Transcription of Genes
Involved in Early Lineage Development
The delayed myogenic and accelerated neuronal differen-
tiation of b1-null ES cells may reflect a b1 integrin-
dependent modulation of genes expressed during mesoder-
mal and neuroectodermal cell commitment and lineage
determination.
Brachyury is transiently expressed during early meso-
derm formation in the mouse embryo (Herrmann et al.,
1990; Kispert et al., 1995) and during ES cell differentiation
in vitro (Johansson and Wiles, 1995; Yamada et al., 1994).
We found that Brachyury was delayed expressed in b1-null
ES cells compared to wt cells.
Correspondingly, expression of BMP-4, coding for bone
morphogenetic protein 4, was reduced in b1-null embryoid
bodies. BMP-4 is a member of the TGF-b family of growth
factors shown to be required for posterior–ventral meso-
derm formation in vivo (Winnier et al., 1995; Hogan, 1996),
known to facilitate the formation of mesoderm during ES
cell differentiation (Johansson and Wiles, 1995; Wiles and
Johansson, 1997) and to prevent neural differentiation in
Xenopus animal caps (Sasai et al., 1995). Our data that
additional BMP-4 molecules during EB differentiation in
vitro reduce the expression of wnt-1 are in line with these
findings (see above).
We found that genes expressed in neuroectodermal pre-
cursor cells were activated earlier and/or were upregulated
after loss of b1 integrin function. This was demonstrated by
the enhanced expression of Mash1 and Pax-6, and the
accelerated expression of the wnt-1 gene in b1-null com-
pared to wt EBs. Mash1 encoding a transcription factor of
the bHLH family is the mammalian homologue of the
Drosophila proneural gene achaete-scute (Lo et al., 1994).
Mash1 is expressed in precursor cells of the autonomic
nervous system, as well as in restricted regions of the
central nervous system. Pax-6 and wnt-1 are expressed in
the neural tube during mouse development already before
neural differentiation is observed (Walther and Gruss, 1991;
Parr et al., 1993), and both genes were found to be expressed
during ES cell differentiation (Yamada et al., 1994; Bain et
al., 1996).
It is well known that integrins are involved in intracel-
lular signal transduction and regulation of tissue-specific
gene expression (reviewed by Clark and Brugge, 1995, and
Lafrenie and Yamada, 1996). It seems possible that the
observed effects are directly caused by the absence of b1
integrin receptors as an important component in lineage-
specific signaling pathways. Evidence was presented that a
close relationship exists between regulatory genes involved
in mesoderm formation and molecules involved in cell
adhesion, such as integrins (Hynes, 1994). For example,
mice carrying a homozygously inactivated a5 integrin gene
(Yang et al., 1993) showed a defect in posterior mesoderm
formation very similar to mice carrying mutations in genes
coding for Brachyury (Herrmann, 1991; Herrmann and Kis-
pert, 1994), the Csk tyrosine kinase (Imamoto and Soriano,
1993; Nada et al., 1993), and the signaling molecule Wnt-3A
(Takada et al., 1994). A failure to form sufficient mesoderm
in the absence of either a5 or b1 integrin, therefore, points to
an important function of these integrin receptors during
mesodermal cell commitment.
The accelerated neuronal differentiation after loss of b1
integrin function on the other hand could be a direct conse-
quence of delayed and/or reduced mesodermal differentiation.
Evidence has been presented that differentiation into neuronal
cells is a default fate of embryonic cells under the inhibitory
control of mesoderm-inducing factors (Hemmati-Brivanlou
and Melton, 1997). For instance, mesodermal specification of
dissociated ectodermal cells from Xenopus blastula and gas-
trula stages depends on inductive signals, whereas neuronal
cells are formed in the absence of inducers (Godsave and
Slack, 1989; Grunz and Tacke, 1989). It has been shown that
differentiation of vertebrate embryonic cells into the neuronal
lineage is inhibited by mesoderm-inducing molecules, such as
BMP-4 (Wilson and Hemmati-Brivanlou, 1995; Hemmati-
Brivanlou et al., 1997).
Our results of a reduced and delayed mesodermal differ-
entiation (including myogenic and cardiogenic tissue, see
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also Fa¨ssler et al., 1996b) but an accelerated and enhanced
differentiation of neuronal cells in the absence of b1 inte-
grins may support the important regulatory role of the
signaling molecule BMP-4 during early cell development.
The reduced expression of BMP-4 in b1
2/2 EBs may account
for the delayed/reduced mesodermal differentiation fol-
lowed by an acceleration and/or upregulation of genes
involved in early neuronal lineage development, as for
example, Mash1 and wnt-1, resulting in accelerated and
enhanced neuronal differentiation.
In conclusion, our results let us speculate that b1 inte-
grins play a regulatory role during development as a func-
tional compartment of signaling cascades involved in early
lineage determination. Furthermore, the developmentally
regulated expression of transcription factors and signaling
molecules during ES cell differentiation in vitro demon-
strates the suitability of the EB model to study regulatory
processes of early cellular differentiation in vitro.
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